Zebrafish is a good model organism for the study of vertebrate development due to numerous experimental advantages. Here we show that zebrafish are also suitable for the study of cellular and molecular mechanisms underlying tissue regeneration in the vertebrate central nervous system. In Key words: cell adhesion molecules, optic pathway, regeneration, retina, zebrafish this report we describe simple protocols to introduce injuries to the adult zebrafish visual structures and analyze cadherin-2 expression in the regenerating visual system using immunocytochemistry and immunoblotting.
Introduction
Zebrafish has become an important model system to study vertebrate development due to its many advantages such as ease of care and maintenance, routine production of large clutches of eggs from single females, transparency of embryos, rapid development of the embryos, a nearly complete genome sequence, and the utility of zebrafish as a genetic model. More recently, the adult zebrafish has been used to study mechanisms of tissue regeneration in the CNS [6, 7, 10, 11, 25] . Unlike adult mammals, the CNS of teleost fish (e.g. goldfish and zebrafish) and amphibians (e.g. salamanders and newts) is capable of extensive regeneration following a lesion. The majority of regeneration studies are conducted in the visual system where retinal and/or optic nerve injuries often result in complete recovery over time [31] [32] [33] [34] . Molecular mechanisms underlying retinal regeneration are still poorly understood. Cell recognition molecules (e.g. L1.1 and L1.2) and cell adhesion molecules (e.g. NCAM, cadherins) have been implicated in the regeneration process [8, 14, 25, 40, 42] .
The vertebrate neural retina is peripherally located, yet is part of the central nervous system (CNS). Compared to the brain, the retina is a relatively simple structure consisting of five basic cell types located in the cellular layers, and two plexiform layers, the outer plexiform layer and inner plexiform layer, where the processes of the retinal cells synapse [12] . Photoreceptors are located in the outer nuclear layer (ONL), horizontal cells, bipolar cells and amacrine cells are found in the inner nuclear layer (INL), while the retinal ganglion cells (RGCs) reside in the ganglion cell layer (GCL). RGCs are the only output neurons in the retina. Their axons converge at the optic nerve head region where they exit the retina to become the optic nerve. In nonmammalian vertebrates, the retinal axons project mainly to a midbrain structure called the optic tectum on the contralateral side. The peripheral localization and relatively simple organization of the vertebrate retina makes it a favorable model system to study both the physiology, and cellular and molecular mechanisms underlying central nervous system development and regeneration [12, 33] .
Both surgical and chemical methods have been used to introduce retinal lesions. The surgical methods include laser lesions [9] , eye pocking/stabbing [25] , removal eye patch(s) [17] , and crushing or severing of the optic nerve [5, 7, 22, 25] . Chemical lesions can produce either damage of selective population(s) of cells (e.g. dopaminergic and/or serotonergic retinal neurons) or non-selective damage of all retinal cells by using cytotoxic chemicals such as ouabain [26] . Developmental profiles of changes in gene expression during tissue regeneration can provide us with useful information on potential molecules involved in the regenerating process [4, 8] . Several methods such as in situ hybridization [7, 13] , immunocytochemistry and immunoblotting [5, 13, 32] have been used to analyze gene/protein expression following visual structure lesions. Here we describe methods of introducing lesions in the adult zebrafish retina and optic nerve, followed by examination of protein expression at various time points after the tissue injuries. The use of both immunocytochemistry on tissue sections and immunoblotting of tissue homogenates provides both the qualitative and quantitative spatiotemporal expression pattern of specific proteins in the regenerating tissue.
The cadherins are a family of Ca ++ -dependent cell adhesion molecules that are implicated in development of a variety of tissues [41] . Cadherin-2 (Cdh2), also called N-cadherin, has been shown to be of critical importance in the early morphogenesis of neural tissues [20, 30] . In both chicken and zebrafish, Cdh2 is expressed by the developing retina, the optic nerve, and the optic tectum [18, 25, 43] . Functional studies have revealed that Cdh2 plays a crucial role in the histogenesis of the retina and the optic tectum, in the differentiation of the retinal ganglion cells, and in the retinotectal synaptic formation and stabilization [14, 16, 18, 27, 28, 35, 38] . There is little information on Cdh2 expression and function in the adult vertebrate visual system. In the adult zebrafish visual structures, Cdh2 expression is greatly down-regulated [24] .
Materials

A. Animals
Adult zebrafish (Danio rerio) were from local pet stores and kept in 10- 
Procedures
A. Surgery Use adult zebrafish of similar length and age for the experiments. Place one adult zebrafish in a 400 ml plastic beaker containing 150 ml 0.2% methane tricaine sulfonate dissolved in fish tank water. Place a small patch (approximately 2.5 cm by 2.5 cm) of wet paper towel on the bottom of a plastic petri dish (60 mm in diameter), then place the anesthetized fish on the patch of wet paper towel. Fold the paper towel once to cover the fish with the fish head exposed. Before surgeries, clean surgical tools first in soap water followed by 70% ethanol, and allow the tools to dry. Perform the surgery under a stereomicroscope.
For eye lesions, use a fine forceps to hold on the epidermal membrane of the temporal edge of the eye and partially pull the eye out of the orbit to expose the back of the eye on that side. Use a sharp scalpel blade to stab the back of the eye once through the sclera, with the wound approximately 0.5 mm in length ( Figure 1A ). Repeat the same procedure twice, once on the dorsal and the other on the nasal ventral side of the eye ( Figure  1B ), to produce a total of three wounds. Place the operated fish back into the plastic beaker to recover. In most cases, the fish is able to regain its balance and resume swimming within one minute, and begins feeding soon afterwards. It is best to finish surgery on one fish before anesthetizing another one to avoid over anesthetization of the second fish, which could lead to death. Transfer the recovered fish to a 10-gallon glass tank for further recovery and allow the fish to survive 1-21 days.
For optic nerve lesions, use a fine forceps to partially pull the temporal half of the left eye out of its orbit, cut the lateral rectus eye muscle with a fine scissors so that the eye can be pull out further to expose the optic nerve ( Figure 1C ). Crush the optic nerve using another fine forceps ( Figure 1D ). Care should be taken to spare the ophthalmic artery running along the optic nerve. Accidental severing or damaging of this artery may cause a great deal of bleeding in the orbit, often results in the degeneration of the eye within seven days. Thus, fish with damaged ophthalmic artery should be sorted out and excluded from the study. Return the successfully operated fish to a 10-gallon fish tank as described above and allow them to survive for various intervals (1-30 days) after the lesions. The advantage of introducing lesions to only one eye or optic nerve is that one can use the other intact eye or optic nerve as an internal control. B. Tissue preparation 1. Preparation of tissue for immunocytochemistry: After the specified survival period, anesthetize the fish in 0.5% methane tricaine sulfonate as described above. Make sure that the fish has stopped breathing before proceeding to the next step. Quickly place the fish on ice in a plastic petri dish (60 mm in diameter). Use a fine scissors to make a small cut on the cornea to remove the lens. Cut the extraocular eye muscles and the optic nerve, then remove the eye. To dissect out the brain, use the fine forceps and scissors to remove the skeleton overlaying the brain. Use the scissors 
Preparation of tissue for immunoblotting:
After the specified survival time after the optic nerve crush, place the fish in the dark for 2-3 hours (dark adaptation) to facilitate separation of neural retina from the pigmented epithelium. Anesthetize the fish as described above, then place the fish on ice in a plastic petri dish. Remove the cornea of the eye with a fine scissors, and remove the lens. Separate the retina from the pigmented epithelium by flushing the eye with cold PBS in a 200 ml plastic washing bottle. Cut the optic nerve in the optic nerve head region with the scissors, then remove the retina with a fine forceps. Immediately place the retina in a 5 ml cryogenic vial sitting on dry ice. To dissect out the optic nerve, first remove the brain as described above, then sever the optic nerve immediately behind the eye and before the optic chiasm. Figure 2G) . These values were used to normalize signal intensity per µg protein across lanes. Alternatively, if the protein assay is done before immunoblot samples are assembled, equal amounts of protein can be loaded on each lane, thus simplifying the densitometry. An example of using this approach can be found in Johnson et al., 2000 [19] .
C. Immunocytochemistry and immunoblotting
The primary antibodies used in this study, zebrafish cadherin-2 (Cdh2) antifusion protein antibodies were shown to specifically recognize Cdh2 protein in zebrafish [24] . Use standard immunocytochemistry procedures [3, 23] to document spatiotemporal expression patterns of Cdh2 in the visual structures following the retinal and optic nerve lesions. All the following procedures are carried out at room temperature unless specified. Rehydrate the tissue (sections on the glass slides) in PBS for 10 minutes. To block nonspecific binding, incubate the sections with a blocking solution containing normal goat serum (Vectastrain ABC Kit diluted at 1:80 from the stock solution) and Triton X-100 (0.3%) in PBS for 1 hour. Incubate the sections with the Cdh2 antibodies diluted in the blocking solution (6 µg/ml for the Cdh2 antibodies) overnight at 4 °C. The next day, remove the primary antibodies, and wash the sections in PBS 3X 10 minutes. Incubate the sections in dark with an anti-rabbit secondary antibody conjugated with Cy3 diluted (1:300 from the manufacturer's stock) in the blocking solution for 2 hours. Wash the slides 3X 10 minutes with PBS, and coverslip the slides using Vectashield Mounting Medium to reduce photobleaching.
Tissues from the lesioned and control side of the same survival period were processed together. For immunoblotting, block the polyvinylidene difluoride membranes overnight with 5% (w/v) nonfat dry milk in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 ). Then incubate the blots in Cdh2 antibody (final concentrations 1.2 µg/ml) diluted in PBS and 0.1% (w/v) bovine serum albumin overnight at 4 °C. Wash the blots 2X 5 minutes with PBS, then incubate with a secondary antibody (1:10,000 goat anti-rabbit IgG, peroxidase conjugate) for 5 hours at room temperature. Wash the blots for two minutes in PBS, develop with chemiluminescent substrate (Pierce Super Signal), and expose to Kodak BioMax film.
D. Data collecting and imaging
View the tissue sections using epifluorescence (blue/green excitation balancer) with a fluorescent microscope equipped with an automatic camera system. Use color slide films to take photomicrographs. Scan and digitize the slides using a slide scanner, followed by processing and formatting with Adobe Photoshop. Process the digitized images from the lesioned tissues and the control tissues with exactly the same values of contrast, sharpening, and hue/saturation. For the immunoblots, scan film at high resolution (> 200 DPI) with a transmittance scanner capable of ≥ 3 dynamic range (e.g. Agfa Duoscan T1200). Import the image into Scion Image software and quantify band intensity and area, taking care to eliminate background. Divide each lane's pixel area by µg protein loaded in that lane so that expression levels among different tissues can be compared as pixels/µg.
Results and discussion
We previously showed that the major visual structures, the retina, the optic nerve, and the optic tectum, of the embryonic and larval zebrafish expressed high levels of the cell adhesion molecule cadherin-2 (Cdh2), but its expression was greatly diminished in the adult visual system [24] . Lesion of the adult zebrafish visual structures either by stabbing the back of the eye or crushing the optic nerve resulted in enhanced expression of Cdh2 in the retina and/or optic nerve [25] . Stabbing of the eye caused increased Cdh2 immunoreactivity throughout the thickness of the retina in the lesioned region ( Figure  2B ), whereas crushing the optic nerve resulted in elevated Cdh2 expression in the retina (Figure 2D ), the optic nerve ( Figure 2E ) and in the optic tectum ( Figure 2F ). Such Cdh2 up-regulation was time dependent. For example, there was no detectable change in Cdh2 immunoreactivity in the retina one day after the lesion ( Figure 2A ), but by three days, Cdh2 expression was greatly increased ( Figure 2B ). The change in Cdh2 was also region specific. For example, in the optic tectum, increased Cdh2 expression was confined to a narrow layer, the retinal recipient layer where axons of RGCs project to, of the lesioned optic tectum ( Figure 2F ). At least two reasons have been proposed to explain the extraordinary capacity of teloest fish and amphibians to regenerate following injuries in the CNS. The first one is that oligodendrocytes and astrocytes in these species are not inhibitory to the regenerating neuronal processes [1, 2]. The second reason is that these species have the capacity to upregulate some developmentally important molecules that promote cell proliferation and axonal growth [4, 8, 25] . The molecular mechanism underlying vertebrate CNS regeneration is still largely unknown. As a first step in studying the mechanism, we must identify molecules that exhibit differential expression, therefore are likely to be involved, in the regenerating process. Successful regeneration of injured CNS structure(s) is a complex process that requires combined activities of multiple molecules. In addition to the cell recognition molecules (e.g. L1.1 [7] ), and cell adhesion molecules (e.g. Cdh2 [25] ), other molecules are also likely to participate in this process. The procedures described in this report provide useful, repeatable and relatively simple techniques of studying protein expression during CNS regeneration. It should be noted that in examining expression patterns of other molecules, modifications of the current procedures may be required, because different molecules often exhibit different spatiotemporal distribution patterns. For example, in adult zebrafish Cdh2 was greatly upregulated in the retina 3 days after the eye stabbing ( Figure 2B ), but there was no observable change in cadherin-4 (Cdh4, closely related to Cdh2) expression at this stage [25] . Therefore, different time points may need to be adopted in examining expression of different proteins following the eye lesion. In order to demonstrate significant quantitative differences in protein expression levels between the lesioned and control sides using immunoblotting, the choice of tissues is crucial. Here we choose to analyze Cdh2 expression in the optic nerve after optic nerve crush because it is composed mainly of retinal axons, so any change in Cdh2 expression levels could be readily identified ( Figure 2G ). In contrast, when the retina [25] or the optic tectum (Liu and Londraville unpublished observations) homogenates was used, the differences in Cdh2 expression levels were either quite moderate (in the retina) or undetectable (in the optic tectum). This is likely due to the relatively small fraction of the retinal or tectal tissues that constituted retinal ganglion cells and their fibers in the optic tectum. Another caution in conducting this type of study is that the size and age of zebrafish specimen could affect the outcome of the results. There were observable differences in Cdh2 and Cdh4 expression patterns and/or levels in the retina and optic tectum between younger (5-6 months) and older (> 2 years) adult zebrafish, and the capacity to regenerate (measured by Cdh2 and Cdh4 expression levels) following optic nerve crush (Liu et al., unpublished preliminary observations). Differences in gene expression in the nervous system between young and aged specimens have also been reported in mice [29] . Therefore, the selection of zebrafish specimen of similar length and age for the regeneration studies is important. This requirement can be readily met because zebrafish embryos develop rapidly to reach adult breeding stage between 3-6 months.
The adult zebrafish are relatively small in size (yet big enough to permit many surgical procedures), and have shorter regeneration times compared to other model organisms (e.g. goldfish and Xenopus) that have been used to study CNS regeneration. For example, in adult goldfish after optic nerve crush, the majority of the regenerating retinal axons do not arrive in the optic tectum until after 14 days post surgery [36, 39] , whereas in adult zebrafish, the regenerating retinal axons have reached the optic tectum and begun to form terminal arborizations by 7 days after the optic nerve crush [7] . All of the above make the adult zebrafish visual system a favorable model system to study cellular and molecular mechanisms underlying vertebrate CNS regeneration.
